We investigate the large-scale intermittency of vertical velocity and temperature, and the mixing properties of stably stratified turbulent flows using both Lagrangian and Eulerian fields from direct numerical simulations, in a parameter space relevant for the atmosphere and the oceans. Over a range of Froude numbers of geophysical interest (≈ 0.05 − 0.3) we observe very large fluctuations of the vertical velocity, localized in space and time, with a sharp transition leading to non-Gaussian wings of the probability distribution functions. This behavior is captured by a simple model representing the competition between gravity waves on a fast time scale and nonlinear steepening on a slower time-scale. The existence of a resonant regime characterized by enhanced large-scale intermittency, as understood within the framework of the proposed model, is then linked to the emergence of structures in the velocity and potential temperature fields, localized overturning and mixing. Finally, in the same regime we observe a linear scaling of the mixing efficiency with the Froude number and an increase of its value of roughly one order of magnitude.
I. INTRODUCTION
Intermittency is a hallmark of fully developed turbulence in fluids. Contrary to the predictions of Kolmogorov original theory [1] , both experiments and numerical simulations show that dissipation exhibits intense (intermittent) fluctuations, localized in space and time, giving rise to a characteristic behavior of quiescence interrupted by local bursts of high amplitude [2, 3] . This phenomenon, known as small-scale intermittency, is widely observed in the atmosphere [4] where it can explain the formation of rain droplets [5, 6] , in the ocean in the form of highly concentrated and sporadic dissipation [7, 8] , as well as in the interstellar medium where it affects the local chemistry of molecular clouds [9] . Small-scale intermittency is often characterized by the strong deviations from Gaussian statistics of the probability distribution functions (PDF) of velocity and temperature gradients. Intermittency, however, is not only present at the smallest scales. In transitional pipe flows [10] , in the problem of mixing of a passive scalar by a turbulent flow [11] , in the solar wind [12] , and for stratified flows as in the Earth's atmosphere and in the oceans, nonstationary energetic bursts at scales comparable to that of the mean flow are also observed [8, [13] [14] [15] . The origin of this large-scale intermittency in stratified turbulence and the mechanisms by which it may affect overturning and mixing in geophysical flows are still unclear. In the present letter we characterize the vertical drafts occurring at a large scale, using direct numerical simulations (DNS) of stably stratified Boussinesq flows, varying the buoyancy frequency. In particular, we relate the wings of the Lagrangian and Eulerian PDFs of the vertical velocity component and temperature fields to large-scale bursts, which result from the interplay of gravity waves and turbulent motions in a range of Froude numbers relevant to geophysical flows. This is explained with the help of a simple one-dimensional (1D) model, which captures the extreme events [15] and the sharp transition observed in our simulations between Gaussian and nonGaussian PDFs. Finally we provide clear evidence of the connection between local overturning events and mixing in stratified flows − characterized through gradient Richardson number, mixing efficiency and the ratio of kinetic to potential energy − and the emergence of largescale intermittency and structures.
II. EQUATIONS, PARAMETERS, AND RUNS
The Boussinesq approximation assumes that the variations of density are small and depend linearly on temperature; they are neglected, except in the expression of arXiv:1806.00342v1 [physics.flu-dyn] 1 Jun 2018 the buoyancy force. The incompressible velocity field u (∇ · u = 0) and temperature, expressed in suitable units satisfy:
where θ is a temperature fluctuation relative to the mean θ, ν is the kinematic viscosity, and κ = ν is the thermal diffusivity. The velocity field is written as u = (u ⊥ , w) and the flows in this study are subject to a random isotropic mechanical forcing F (as also described in [16] ), applied in a wavenumber shell: k F = 2π/L f ∈ [2, 3] , the size of the periodic three-dimensional computational box being L 0 = 2π. Finally, N = −g∂ z θ/θ 0 1/2 is the Brunt-Väisälä frequency. We define the Reynolds and Froude numbers, the dimensionless parameters of the problem:
where U, L are respectively the characteristic velocity and the integral scale of the fluid. The buoyancy Reynolds
, where Oz ≡
are the Ozmidov and Kolmogorov dissipation lengths, and ε V ≡ ν (∇u) 2 is the kinetic energy dissipation rate. R B measures the relative strength of buoyancy and dissipation: for R B = 1, the Ozmidov scale at which dispersive and nonlinear effects balance is at the Kolmogorov scale. To solve these equations numerically we use the Geophysical High-Order Suite for Turbulence (GHOST) code. It is a versatile pseudo-spectral code parallelized with a hybrid MPI/OpenMP method [17] . All computations are performed on isotropic grids of 512 3 points, altogether for of the order of 40 τ , where τ = L/U is the turn-over time. Together with the Eulerian velocity and temperature field, we determined also the trajectories of tracer particles in the flow, whose positions X(X 0 , t) satisfy ∂ t X(X 0 , t) = u(X(X 0 , t), t) (with X(X 0 , 0) = X 0 ). We followed n ≈ 1.5 · 10 6 particle trajectories, initially uniformly distributed in space. They are injected randomly after turbulence becomes fully developed, i.e., after the dissipation in the flow has reached its maximum (see Fig. 2 ), and their trajectories are determined for a duration of 6 to 10 turnover times. Lagrangian temporal statistics are always collected throughout the entire time period of integration. To characterize the statistical distribution of a fluctuating variable, we introduce the dimensionless fourth-order moment (kurtosis), defined as:
where α is the generic field and averages can be taken over the entire box, horizontal planes, time, or over ensembles of particles as specified below. The Gaussian reference value of the kurtosis is equal to 3.
The Reynolds number varies roughly by 35% throughout the parametric study, from ≈ 2600 to ≈ 3900. All the runs have been initialized with zero potential temperature and a random velocity field with energy distributed on spherical shells centered on the wavenumber k 0 = 2π/L 0 in the range k 0 = [2, 3] .
III. LARGE SCALE INTERMITTENCY IN STRATIFIED FLOWS
As a result of the stratification, the Lagrangian particles mostly wander around in horizontal planes, with sharp vertical excursions which leave a signature in the PDFs of w andw, respectively the vertical component of the Eulerian velocity field and the vertical velocities of the Lagrangian particles. Figure 1 gives both the instantaneous PDFs of w, each corresponding to a dotted curve (computed every 1000 time-step of the DNS, within the domain of integration of the particles), and PDFs of the Lagrangian particles velocityw (solid red curves), for three different Froude numbers. In all plots, the Lagrangian PDFs appear, up to statistical errors, as the time average of the instantaneous Eulerian PDFs. In the case shown in the middle panel (F r = 0.076), the wings for high values of w andw are significantly broader than the Gaussian wings, with a kurtosis of the Lagrangian particles velocity Kw ≈ 10.44. This is the signature of the occurrence of extreme events at some time in the evolution of the flow, in some regions of the spatial domain. The departures from the Gaussian behavior are very weak for the cases with smaller and larger Froude number displayed in the lateral panels (F r = 0.03 and F r = 0.28, respectively left and right), with the kurtosis becoming (Kw ≈ 3) for smallest and the highest F r considered in this parametric exploration (see Table I ). The kurtosis of the Lagrangian PDFs, Kw, resulting from global spatio-temporal statistics of 1.5 · 10 6 particles' vertical velocities (over the entire integration time) is plotted in Fig. 5 against the Froude number for the runs in Table I . Surprisingly the curve Kw(F r) is characterized by a non-monotonic behavior, showing a rapid increase and then decrease of the Lagrangian kurtosis in a sharp range between F r ≈ 0.05 and ≈ 0.3, with a peak centered around F r ≈ 0.076. The kurtosis of temperature fluctuations (not shown) also deviates from 3 in the same range of parameters. This result provides clear evidence that stably stratified turbulent flows are characterized by large scale intermittency and strong ver- Kurtosis of the Eulerian vertical velocity (w) as a function of time for runs 3,9 and 15. Each point is the statistical moment (eq. 4) of the corresponding instantaneous PDFs showed in Fig.1 (dashed lines) . Solid symbols identify the periods of integration of the Lagrangian particles, injected systematically after the peak of the dissipation, here indicated with a red segment for the runs displayed. Points in blue identify the relative maxima at which the Eulerian fields of run 9 (F r = 0.076) are rendered in Figures 3 and 4 .
tical drafts in a well defined regime of stratification. It is also worth to point out that for all the runs outside the range 0.05 < F r < 0.3 no large-scale intermittency is detected from Lagrangian and Eulerian statistics and the kurtosis of the instantaneous Eulerian PDFs does not fluctuate and is constantly close to the Gaussian reference value (K w ≈ 3); this is illustrated in Figures 1 and  2 for the runs with F r = 0.03 and = 0.28. One last important remark is that all the runs in the intermittent regime identified here have buoyancy Reynolds number 10 < R B < 10 2 , whereas values of the Lagrangian kurtosis Kw compatible with the Gaussian case are found for runs with R B ∼ 1 as well as R B ∼ 10 3 , as reported in Table I . To better understand the origin of the strong updrafts and downdrafts in the vertical velocity, and their variation with F r, we now introduce a simple model.
IV. A MODEL FOR THE VERTICAL DRAFTS
It was found in [15] that the intermittent behavior observed in a stratified fluid can be explained by a 1D model for the vertical velocity and the temperature based on [18] . In this model, the strong and fast events occur because of an amplification in the formation of vertical negative velocity gradients resulting from the interplay between the time scales of the waves and the nonlinearity. We generalize here this model adding both forcing and dissipation, in order to achieve a steady state and to control the growth of w. To this end we re-duce Eqs. (1,2) to the 1D case, dependent only on the z coordinate, and with u ⊥ = 0, by setting ν = κ = F = 0. We derive the equations with respect to z using ∂ z (∂ t a + w∂ z a) = d t (∂ z a) + ∂ z w ∂ z a (for any field a, and where d t is the Lagrangian derivative in the vertical direction), and finally we convert spatial derivatives to increments by assuming fields are smooth on an arbitrary scale z , and thus δa ≈ ∂ z a z . The resulting model has the same overall structure of the Boussinesq model, Eqs. (1,2) , with viscous damping and mechanical forcing finally re-introduced in an empirical way:
For a fixed value of z and for high enough N , waves prevail over turbulence, whereas for small N , turbulence prevails over waves. At intermediate values, a different behavior occurs, with a rapid increase of negative velocity field increments [15] . This model can be seen as a 1D approximation to Lagrangian trajectories in a stratified flow, and at fixed N with only one free parameter, the length scale z representing the dominant gradients. The model was integrated using N , ν and η from the simulations (see Table I ), and for each case we ran an ensemble of 20 realizations (or Lagrangian particles) up to t = 20, using a white-noise random forcing f with frequencies between N/8 and N to mimic the flat Lagrangian spectrum of the vertical velocity observed in stably stratified turbulence, the so-called Garrett-Munk spectrum [19] . We adjusted the free parameter z by assuming that the extreme events are the result of local shear instabilities or overturning (see Fig. 3, right) , and thus the vertical scale at which these events take place can be expected to be proportional to the Ozmidov scale in each run, z = α Oz (note this scale also separates the boundary between wave-and eddy-dominated scales). In the following we use α = 4 which gives the best quantitative agreement with the DNSs, but any choice for α of order unity gives the same qualitative results. Other choices, such as z = L B = 2πU/N do not give results compatible with the DNSs, which can be expected since, at the buoyancy scale L B , the (vertical) Froude number is unity, and thus the behavior of the model becomes independent of F r. Figure 5 (top) shows the kurtosis Kw of the Lagrangian vertical velocities for all the DNS runs of this parametric study, together with the kurtosis of the Lagrangian field δw generated by the 1D model initialized with the corresponding DNS parameters (red line). Each run is characterized by a different Froude number in a range of values spanning over one order of magnitude, from ≈ 0.01 to ≈ 1 (see Table I ). Note the behavior of both the kurtosis confirms the results in Fig. 1: for intermediate values of F r the vertical velocity becomes very intermittent with values of the Lagrangian kurtosis Kw larger than 10. Considering its simplicity, the model reproduces qualitatively remarkably well the behavior found in the DNSs. All quantities display a sharp peak for F r ≈ 0.076, with a decrease for higher Froude numbers. What is striking here is the sharpness of the peak in F r for all variables, as well as the asymmetry between the rising and descending phases of this transition. Such a sharp variation in F r ≈ 0.076 may be surprising; it evokes a wave resonance as occurs in critical layers when the flow velocity is equal to the wave phase speed, leading to the creation of jets. Indeed, similarly high values of kurtosis are found in atmospheric data in the upper boundary layer, and are interpreted as the signature of a global (large-scale) intermittency for a turbulence that is patchy and inhomogeneous [13] . In the model, both the peak and the asymmetry arise as the result of two competing effects: for large F r the nonlinear term dominates, amplifying negative velocity increments on a time scale of the turnover time; for small F r the linear term dominates, resulting in wave dynamics. But for intermediate values of F r the time scales of the two terms are similar, with an acceleration in the nonlinear amplification resulting from the slightly faster wave time scale. To the right and to the left of the peak, the nature of the dominant terms is different. We stress that the transition discussed here strongly differs from that observed when the buoyancy Reynolds number, R B , is varied; this transition affects the small-scale flow properties (see, e.g., [19] [20] [21] ).
V. STRUCTURES, OVERTURNING AND MIXING
Thanks to a combined implementation of global spatiotemporal Lagrangian statistics and instantaneous Eulerian statistics we are able to show how the broad distributions observed in previous sections can in fact be linked to physical structures. Fig. 3 (left) provides the three-dimensional rendering of the vertical velocity w for run 9, F r = 0.076, at the time t /τ when a local maximum of the instantaneous Eulerian kurtosis is attained based on the curve K w (t/τ ) in Fig.2 . The side plot in Fig. 3 (left) shows the variation of the kurtosis obtained from integrations of the statistics in a single horizontal plane, plotted as a function of altitude, K w (z, t /τ ), which allow for the identification of the planes containing the strongest structures. On average in the flow, the variable is quasi-Gaussian, with K w (z, t /τ ) ∼ 3, except at some rare vertical positions, where the fluctuations of w are much larger than the background fluctuations, with strong non-Gaussian properties. Similar conclusions can be drawn by analyzing the potential temperature θ in physical space, shown in Fig. 4 . This bursty behavior at the large scales, in space and in time, is stronger in runs 7 to 12, resulting in the observed non-stationarity of the instantaneous Eulerian PDFs (Fig. 1, middle, and Fig. 2 ) and in the emergence of structures, Fig.3 (left) and Fig. 4 . The intermittent behavior also affects the smallest scales of the flow: the dissipation and the gradi-Overturning Regions Vertical Drafts ent fields also have rare, intense structures embedded in the quiet flow (not shown, see [15] ).
Extreme updrafts and downdrafts affect the vertical transport. The product of the vertical temperature flux with the Brunt-Väisälä frequency N is the so called buoyancy flux B f = N wθ , which is routinely used to characterize mixing in stably stratified flows. There are several ways to define the mixing efficiency (see [20, 22, 23] and references therein), one possibility being to take the ratio of the buoyancy flux to the rate of kinetic energy dissipation ε V in the momentum equation. Following [20, 25] , we define here the irreversible mixing efficiencyΓ using the potential energy dissipation rate ε P = κ(|∇θ| 2 ) instead of B f , so one can writeΓ = ε P /ε V . This definition is based on the assumption that the mixing efficiency should only account for the irreversible conversion of available potential energy into background potential energy, quantified by ε P .Γ is plotted in Fig. 5 (bottom) against the Froude number for all the runs in table I. Very interestingly, we find that in a parameter space compatible with regions of the atmosphere and the oceans, namely 0.05 < F r < 0.3, with R B > 10, the irreversible mixing efficiency scales linearly with the Froude number (Γ ∝ F r) and it increases by roughly one order of magnitude, before dropping for F r > 0.3 consistently with [25] . This is also the range of parameters in which maximal kurtosis of the Lagrangian vertical velocityw and large-scale intermittency attain as a result of our study (Fig. 5, top) . Note that the scalingΓ ∝ F r observed here for values of the Froude number of geophysical interest is different than scaling reported in [25] (Γ ∝ F r −2 ) obtained in the case of weak stratification (F r > 1). For F r 0.05 we find a saturation valuê Γ 0 ∼ 10 −1 , compatible with the proxy of the mixing efficiency commonly used in the ocean community (≈ 0.2) [26] . To complement our characterization of the mixing,
FIG. 4:
Variation with height of the kurtosis of the potential temperature (θ), computed by-plane for run 9 at fixed time (t /τ , relative maximum of Kw(t/τ ), Fig.2) , together with the rendering of θ for the same run. A threshold is used to highlight with opaque colors the presence of hot and cold patches with temperature fluctuations larger than 3 standard deviations (σ θ ), corresponding here to the planes with the largest values of the kurtosis.
we finally evaluated for all runs the ratio of the volumeaveraged kinetic to potential energies E V /E P , which can be linked to wave-eddy partition [27] . This quantity is plotted in the insert of Fig. 5 (bottom) , together with the ratio of the volume-averaged horizontal kinetic to potential energies E V ⊥ /E P , versus the Froude number. These ratios provide the simplest measure of the partition of energy between kinetic and potential modes at all scales, which is another way to estimate the efficiency of the mixing. Both E V /E P and E V ⊥ /E P peak in the vicinity of the maximal value of Kw(F r), obtained for F r ≈ 0.076 (Fig. 5, top) . This suggests the possibility that in flows characterized by strong large-scale intermittency the mixing enhancement occurs due to large scale overturning, with a consequent increase of the kinetic over potential energy (both integrated over the volume and in the Fourier space). It is also interesting to notice that E V /E P ≈ E V ⊥ /E P , perhaps due to a more efficient generation of horizontal winds in this regime, that makes the horizontal kinetic energy dominate the energy ratio. In order to investigate the tendency of stratified flows to develop local overturning and the link with the emergence of large scale intermittency and structures, we have analyzed the statistics of the point-wise gradient Richard-
2 computed on the instantaneous Eulerian fields. This analysis allowed to reveal a clear spatio-temporal correlation between presence of structures in the velocity fields − originating from strong vertical drafts − and patches of the flow characterized by values of Ri indicating the most unstable regions of the domain. As an example, in Fig. 3 we propose the comparison between the rendering of the Eulerian vertical velocity w for run 9 − where only vertical drafts stronger than three standard deviations σ w are visualized with opaque colors (left panel)− and the visualization of the point-wise gradient Richardson number for the same run, at the same time (right panel). Only the values below the threshold 0.004 in the PDF of Ri/σ Ri (side plot in Fig. 3, right) are rendered without transparency, which make it very clear the spatial correlation between overturning regions and vertical velocity structures in the flow. These structures are in turn responsible for the fat wings in the PDFs of the vertical Lagrangian and Eulerian velocities we discussed in the previous sections. This correlation pattern has been observed for runs in the range 0.05 < F r < 0.3 and at different times in each run, being more evident in the proximity of the local maxima of K w (t/τ ) (see Fig. 2 ).
VI. DISCUSSION AND CONCLUSIONS
We have shown that very strong and intermittent large-scale vertical drafts can develop in stratified turbulence in a distinct range of Froude number that also reflects an abrupt change in the behavior of the vertical velocity statistics and fluid mixing properties. Similar results of bursty events in the vertical velocity have been obtained in [28] using direct numerical simulations of the planetary stable boundary layers with comparable Reynolds numbers, using a finite difference scheme, noslip boundary conditions in the vertical direction of a box with an aspect ratio of the order of 10 and with a Prandtl number of 0.71. These authors find a peak in the number of bursting events for Froude numbers of the order of 0.06 to 0.09, compatible with the range we identified here 0.05 < F r < 0.3 in which we observe large-scale intermittency with a peak of the kurtosis of the Lagrangian vertical velocity (Kw) obtained for F r ≈ 0.76. Bursts in stably stratified turbulence were also reported in [15] . In the former case, the observed intermittency is mostly associated with interactions with the boundary, a situation which we do not have in the present study, while in the latter, albeit for only two values of F r, similar extreme events were found. Also, in analysis of climatological data in the free troposphere, it was found that the fields with the strongest departure from Gaussianity are the vertical velocity, together with the specific humidity [29] , and it has been speculated that extreme events in climate behavior such as recent heat waves may be linked to specific resonances in Rossby wave dynamics [30] . These results, however, lead to difficulties when mixing efficiency is parameterized. As reported in [31] , results from experiments and numerical simulations attempting characterization of the mixing efficiency fail to converge in many cases. This may be related to the strong non-stationarity of the data for intermediate and small values of F r, as we have shown in Fig.2 (F r = 0.076) for the initial phase of evolution of the flow, well beyond the peak of the dissipation. The present work provides evidence that even without the added complexity of climate processes (including moisture, boundaries and topography) extreme events can be observed in both the vertical velocity and the temperature fluctuations. We also showed how these events are linked to the emergence of structures which in turn correlate, in time and space, with those regions where the flow is more unstable and prone to develop overturning. Moreover, our results show that this behavior takes place in a range of Froude number relevant for atmospheric and oceanic flows and for values of the buoyancy Reynolds number larger than ∼ 10. Another important result of this Letter is that the observed behavior can be reproduced with a simple 1D model which is a truncation of the full system of governing equations in the Boussinesq framework; this indicates that the the large scale intermittency range in F r corresponds to a region in the parameter space in which the time scales of waves and nonlinearities near the Ozmidov length-scale are comparable, thus resulting in fast resonant amplification of velocity differences. Finally we found that the irreversible mixing efficiency parameter increases by roughly one order of magnitude (from Γ ∼ 0.1 to Γ ∼ 1) and scales linearly with the Froude number (Γ ∝ F r) in the range 0.05 < F r < 0.3, relevant for geophysical flows [31] .
